Two Fission Yeast Homologs of Drosophila Mei-S332 Are Required for Chromosome Segregation during Meiosis I and II  by Rabitsch, Kirsten P et al.
Current Biology, Vol. 14, 287–301, February 17, 2004, 2004 Elsevier Science Ltd. All rights reserved. DOI 10.1016/j .cub.2004.01.051
Two Fission Yeast Homologs of Drosophila Mei-S332
Are Required for Chromosome Segregation
during Meiosis I and II
called meiosis, consists of two rounds of chromosome
segregation after a single round of DNA replication. Dur-
ing the first meiotic division, centromeres of paternal
origin segregate to opposite poles to those of maternal
origin. This comes about due to two characteristics of
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Unite´ Mixte de Recherche 5095 polin” proteins Mam1, Csm1, and Lrs4 are known to be
required specifically for this process [1, 37], but the1 Rue Camille Saint Sae¨ns
33077 Bordeaux proteins responsible for monoorientation of sister kinet-
ochores in other organisms are not known. Second,France
homologous centromeres are linked by chiasmata,
which are created by reciprocal exchanges between
homologous maternal and paternal chromatids. TheseSummary
exchanges ensure that cohesion between sister chro-
matids holds all four homologous chromatids together,Background: Meiosis produces haploid gametes from
diploid progenitor cells. This reduction is achieved by not just sister chromatids (for a review see [3]). As a
consequence of these two processes, microtubules pulltwo successive nuclear divisions after one round of DNA
replication. Correct chromosome segregation during the homologous and not sister centromeres in opposite di-
rections during metaphase I. Loss of sister chromatidfirst division depends on sister kinetochores being ori-
ented toward the same spindle pole while homologous cohesion along chromosome arms resolves chiasmata
and triggers the first meiotic division. Cohesion betweenkinetochores must face opposite poles. Segregation
during the second division depends on retention of sis- sister centromeres is maintained at this point and subse-
quently used to biorient sister centromeres on spindlester chromatid cohesion between centromeres until the
onset of anaphase II, which in Drosophila melanogaster during meiosis II once proteins with monopolin activity
have disappeared.depends on a protein called Mei-S332 that binds to
centromeres. How eukaryotic cells retain cohesion between sister
centromeres until the onset of meiosis II while they dis-Results: We report the identification of two homologs
of Mei-S332 in fission yeast using a knockout screen. solve cohesion between sisters along chromosome
arms is not understood. Only two proteins associatedTogether with their fly ortholog they define a protein
family conserved from fungi to mammals. The two identi- with centromeres have hitherto been implicated in this
process, namely the spindle checkpoint protein Bub1fied genes, sgo1 and sgo2, are required for retention of
sister centromere cohesion between meiotic divisions in the fission yeast Schizosaccharomyces pombe [4]
and Mei-S332 in Drosophila melanogaster. Bub1 is con-and kinetochore orientation during meiosis I, respec-
tively. The amount of meiotic cohesin’s Rec8 subunit served in most if not all eukaryotic organisms, but its
function during meiosis has only been investigated inretained at centromeres after meiosis I is reduced in
sgo1, but not in sgo2, cells, and Sgo1 appears to S. pombe. Meanwhile, proteins related to Mei-S332 have
not been identified yet in vertebrates or fungi. For thisregulate cleavage of Rec8 by separase. Both Sgo1 and
Sgo2 proteins localize to centromere regions. The abun- reason, it has not been possible to address whether
Bub1 and Mei-S332 function in the same or distinctdance of Sgo1 protein normally declines after the first
meiotic division, but extending its expression by altering physiological processes. In flies carrying mei-S332 mu-
tations, chromosome segregation is much more se-its 3UTR sequences does not greatly affect meiosis II.
verely perturbed in meiosis II than in meiosis I. A highIts mere presence within the cell might therefore be
frequency of sister centromeres are separated alreadyinsufficient to protect centromeric cohesion.
by late anaphase I [5], and this phenomenon is associ-Conclusions: A conserved protein family based on Mei-
ated with a high frequency of nondisjunction, laggingS332 has been identified. The two fission yeast homo-
chromosomes, and chromosome loss during meiosis IIlogs are implicated in meiosis I kinetochore orientation
[6]. Mei-S332 is concentrated at pericentric chromo-and retention of centromeric sister chromatid cohesion
some regions from metaphase I to metaphase II in mei-until meiosis II.
otic cells as well as during metaphase of mitotic cells
[7, 8]. Though Mei-S332 is needed to prevent precociousIntroduction
loss of sister centromere cohesion, its presence at cen-
tromeres alone might not be sufficient to confer theSexual reproduction depends on the generation of hap-
maintenance of centromeric cohesion at the onset ofloid gametes from diploid progenitor cells. This process,
anaphase I.
In mitotic cells, sister chromatid cohesion is mediated*Correspondence: knasmyth@imp.univie.ac.at
3 These authors contributed equally to this work. by a multisubunit complex called cohesin. Cleavage of
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cohesin’s Scc1 subunit by a thiol protease called sepa- Results
rase (Esp1 and Cut1 in budding and fission yeast, re-
spectively) causes cohesin’s dissociation from chromo- Sgo1 and Sgo2: Two New Proteins Required
somes, destroys cohesion, and triggers the metaphase for Meiotic Chromosome Segregation
to anaphase transition. Separase is kept inactive for To identify novel factors required for chromosome seg-
most of the cell cycle by being bound by an inhibitory regation during meiosis in the fission yeast Schizosac-
chaperone called securin (Pds1 and Cut2 in budding charomyces pombe, we undertook a knockout (reverse
and fission yeast, respectively) [9]. Separase is suddenly genetic) screen similar to our previous one in budding
activated and anaphase initiated when securin is ubiqui- yeast [2]. The screen is still ongoing and results will be
tinylated by a ubiquitin protein ligase called the ana- published elsewhere. Briefly, genes that were induced
phase-promoting complex or cyclosome (APC/C), which at least 2.5-fold at 4–6 hr after induction of meiosis
leads to securin’s destruction at the hands of the protea- according to DNA microarrays [16] were identified in
some [10, 11]. A surveillance mechanism called the spin- silico. These genes were deleted using specifically con-
dle checkpoint prevents activation of the APC/C while structed plasmids, and chromosome segregation in or-
there exist chromosomes that have not finished biorien- dered asci of S. pombe was analyzed using a chromo-
tation (reviewed in [12]). some I marked by GFP close to cen1 (lys1-GFP, [17]).
In meiotic cells, sister chromatid cohesion is mediated Among more than 200 deletion mutants, we identified
by variants of mitotic cohesin complexes. Scc1 and its one that showed massive chromosome missegregation
homologs are either partially or sometimes almost com- during meiosis II (Figures 1A and 2). The same gene has
pletely replaced by a largely meiosis-specific variant been identified independently using a forward genetic
called Rec8 [3]. In the budding yeast S. cerevisiae, re- screen and has been called sgo1 [18]. We noticed that
placement of Scc1 by Rec8 is the sole change in cohes- the S. pombe genome encodes a second protein whose
in’s composition during meiosis, but in the fission yeast primary sequence was similar to that of sgo1, which we
S. pombe, cohesin’s Scc3-like subunit Psc3 is replaced called sgo2. Chromosome segregation was also defec-
along chromosome arms, but not at centromeres, by a tive in sgo2 cells, although in this case missegregation
second meiosis-specific variant called Rec11 [13]. In occurred predominantly during meiosis I (Figures 1A
both yeasts, cleavage by separase of Rec8 located on and 2). Diploids homozygous forsgo1 orsgo2 formed
chromosome arms is necessary for the resolution of spores with low viability, which is consistent with chro-
chiasmata and most probably triggers the first meiotic mosome missegregation. Interestingly, diploids hetero-
division. Rec8 at centromeres is refractory to this pro-
zygous for sgo1 or sgo2 also produced spores with
cess and its persistence at this location is thought to
somewhat reduced viability (Figure 1B).
confer the maintenance of cohesion between sister cen-
tromeres until the onset of anaphase II [14, 15].
Whether Mei-S332 regulates cleavage of Rec8- or Sgo1, Sgo2, and Drosophila Mei-S332:
Scc1-like cohesin subunits during meiosis in Drosophila A Family of Candidate Orthologs
is not known. To investigate the mechanism by which in Eukaryote Proteomes
eukaryotic cells protect centromeric Rec8 at the onset Despite their different sequence lengths, Sgo1 (319 aa)
of anaphase I, it is clearly important to identify fungal
and Sgo2 (647 aa) have the same sequence architec-
proteins that have functions analogous or even homolo-
tures. Both proteins possess an N-terminally located
gous to Mei-S332. In a previous screen investigating
coiled-coil region (18–71 in Sgo1 and 10–63 in Sgo2)the function of genes specifically upregulated during
detectable with the algorithm of [19] as well as a centralmeiosis in budding yeast, we identified Mam1, a meio-
segment with strong compositional bias toward chargedsis-specific component of monopolin, but no genes
and hydroxylated residues and rare hydrophobic resi-needed specifically for maintaining cohesion between
dues (EDKR and ST contents: 31% and 14% for 72–281sister centromeres [2]. Such genes might not be strictly
in Sgo1, 28% and 19% for 64–570 in Sgo2; evaluatedmeiosis specific in S. cerevisiae but, conceivably, they
with SAPS [20]). Most of this central segment is recog-might be in S. pombe. We therefore adopted a similar
nized by one or another program predicting nonglobularapproach in Schizosaccharomyces pombe and by this
regions without intrinsic conformational preferencesmeans identified a protein called Sgo1 that is distantly
(SEG [21], GlobPlot [22], DisEMBL [23]). Sgo1 and Sgo2related in structure to Mei-S332 and is required specifi-
also have related C-terminal segments, 279–310 in Sgo1cally for chromosome segregation during meiosis II and
and 571–602 in Sgo2, that represent a conserved motiffor maintaining Rec8 at and cohesion between sister
with both hydrophobic and functional polar sequencecentromeres. Sgo1 localizes to centromeric regions dur-
positions.ing meiosis I but is largely absent during meiosis II. Sgo1
Because classical globular regions are absent frommay be necessary for protecting centromeric Rec8 from
both Sgo1 and Sgo2, traditional homology based onseparase but its presence cannot alone confer this prop-
statistically significant sequence similarity over longerty because extending Sgo1’s expression after the first
stretches (typically 50 residues) due to an underlyingmeiotic division does not greatly interfere with faithful
3D fold conservation with conserved residues whosechromosome segregation during meiosis II. A paralog,
function is conserved cannot be applied for finding or-Sgo2, is required for prevention of sister chromatid seg-
thologs in other genomes. We searched instead for can-regation during meiosis I in S. pombe but does not affect
didate orthologs that shared the same tripartite se-the retention of Rec8 at centromeres. Our discovery of
quence architecture as Sgo1 and Sgo2 along withSgo1 and Sgo2 has enabled us to detect related proteins
sequence similarity in the N-terminal coiled coil and thenot only in other fungi, including S. cerevisiae (see [36]),
but also in vertebrates and in higher plants. C-terminal motif region (see Supplemental Experimental
Retention of Centromeric Rec8 Depends on Sgo1
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Figure 1. The Two Fission Yeast Homologs of Mei-S332 Are Required for Chromosome Segregation in Meiosis
(A) Wild-type (strain K11248), sgo1 (K11809), and sgo2 (K11908) cells expressing lys1-GFP were sporulated on plate, stained with Hoechst,
and examined under the fluorescence microscope. Shown in each panel from left to right are Hoechst, GFP, and DIC images.
(B) Wild-type (K11248), sgo1 (K11809), sgo2 (K11908), sgo1 sgo2 (K11809), sgo1-GFP (K11916), or sgo2-GFP (K11985) cells were
sporulated or sgo1 sgo2 (K11318) and sgo1 (K11793), sgo2 (K11983), or sgo1 sgo2 (K11984) were crossed on plate and asci pulled
to specific locations on a YES plate under the dissection microscope. Asci that opened up after incubation were dissected. Shown are the
fraction of spores that gave rise to colonies (left graph) and the fraction of asci that did not open up and produced no colony (right graph).
The following number of asci were examined: wt, 30; sgo1, 83; sgo2, 111; sgo1 sgo2, 138; sgo1/sgo1, 30; sgo2/sgo2, 22; sgo1/
sgo1 sgo2/sgo2, 28; sgo1-GFP, 53; sgo2-GFP, 61; and sgo1-GFP-3UTR, 52.
(C) Schematic representation of the sequence architecture. Green, N-terminal coiled-coil region; red, conserved C-terminal motif. The segment
between these two regions is highly polar with approximately one-third of charged residues. The naming of proteins corresponds to column
1 of Table 1.
(D) Alignment of the N-terminal coiled-coil region. The alignment was created using CLUSTALX [35]. The conserved asparagine, which is
marked by an arrow, corresponds to the residue that is mutated in the mei-S3329 allele [33].
(E) Alignment of the conserved C-terminal motif with CLUSTALX.
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Figure 2. Sgo1 and Sgo2 Are Required for
Meiosis II and Meiosis I Chromosome Segre-
gation, Respectively
(A) Wild-type (K11248), sgo1 (K11809),
sgo2 (K11908), and sgo1 sgo2 (K11920)
cells expressing lys1-GFP were sporulated in
liquid culture, fixed, and stained with antibod-
ies against tubulin and GFP. Samples were
examined under the fluorescence micro-
scope and 100 late anaphase I cells (with one
slightly bent spindle reaching from tip to tip
of the zygote) were scored. Shown are the
fractions of cells that segregated homolo-
gous chromosomes, that nondisjoined homo-
logs, or that segregated the sister chromatids
of one of the homologs.
(B) Wild-type (K11338), sgo1 (K11792),
sgo2 (K11982), and sgo1 sgo2 (K11984)
cells expressing lys1-GFP were crossed to
strains of the same genotype lacking lys1-
GFP (K11339, K11973, K11983, and K12011,
respectively) in liquid culture, and treated as
in (A). Shown are the fractions of 100 late
anaphase I cells that contained both sister
chromatids cohesed (as one GFP dot) on one
pole, both sisters at the same pole but sepa-
rated, or had segregated sisters to opposite
poles.
(C) One hundred late anaphase II cells (with
two long spindles in which the distance be-
tween the inner two nuclei of the zygote is
smaller than that between sister nuclei) were
scored in the same samples as in (B). Shown
are the fractions of cells that segregated sis-
ter chromatids in meiosis II, that nondisjoined
sisters or that had segregated sister in meio-
sis I.
Procedures for a search history). These three criteria sgo1 and sgo2 Cells Missegregate
Chromosomes during Meiosis IIidentified unique proteins in fungal proteomes (Table 1,
upper part; Figure 1C). Strikingly, the fungal orthologs and I, Respectively
Our analysis of asci suggested that Sgo1 and Sgo2 hadsuggested by this approach were also the proteins with
highest sequence similarity in the N-terminal coiled-coil distinct roles during meiotic chromosome segregation.
To investigate homolog disjunction during meiosis I, weregion (Table 2, Figure 1D) when searched for in the
nonredundant NCBI protein database (nr). Presence of sporulated lys1-GFP harboring h90 cells in liquid culture,
fixed, and stained them with antibodies against tubulinthe three sequence regions in the correct N- to C-ter-
minal order was also sufficient for unambiguously identi- and GFP. We picked out late anaphase I cells, namely
cells with two separate DNA masses with a single slightlyfying candidate orthologs in higher eukaryotes, includ-
ing plants and humans (Table 1, lower part; Figures bent spindle stretching from one tip of the zygote to the
other, and scored the distribution of lys1-GFP signals1C–1E). Such searches were successful in nearly all
completed proteomes, with the notable exception of at the ends of the spindle (Figure 2A). In both wild-type
and sgo1 cells, either one strong or two weaker GFPEncephalitozoon cuniculi. Strikingly, the top candidate
from the Drosophila proteome was none other than Mei- dots were invariably found at each pole, which is indica-
tive of an orderly disjunction of homologous chromo-S332, which was not known previously to have related
proteins in fungi, plants, or even vertebrates. Our identi- somes at meiosis I. In sgo2 cells, 31% of anaphase I
cells fell into abnormal categories, namely GFP dotsfication of sgo1 has therefore facilitated the discovery
of a novel family of eukaryotic proteins, all sharing the were missing from one pole, indicating that all four chro-
matids had segregated to the other, or three GFP dotssame architecture as Sgo1 and Mei-S332 and all possi-
bly involved in the fidelity of chromosome segregation were found at one pole and a single dot at the opposite
one (3:1 segregation). A similar level of missegregationduring meiosis II (see Discussion).
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Table 1. Candidate Orthologs of Sgo1 and Sgo2 in Fungal and Higher Eukaryote Proteomes
Central Region
Coiled- Composition:
Protein Organism Accession Length Coil Motif EDKR/ST C-Terminal
Sgo1_Sp (SPBP35G2.03c) Schizosaccharomyces pombe ref|NP_595378.1| 319 18–71 31.0%/13.8% 279–310
Sgo2_Sp (SPAC15A10.15) Schizosaccharomyces pombe ref|NP_594301.1| 647 10–63 27.6%/18.8% 571–602
MG02523_Mg Magnaporthe grisea gb|EAA54538.1| 552 14–67 28.6%/13.9% 481–512
Sgo1_Nc Neurospora crassa ref|XP_328281.1| 774 19–72 29.7%/15.6% 467–498
Sgo1_Sc (YOR073W) Saccharomyces cerevisiae ref|NP_014716.1| 590 40–93 26.1%/26.1% 367–398
C33H5.15_Ce Caenorhabditis elegans gb|AAA82271.2| 307 24–77 26.8%/17.0% 269–301
Mei-S332_Dm Drosophila melanogaster ref|NP_476634.1| 401 2–55 26.5%/24.3% 370–400
Sgo1_Ci (ci0100136137) Ciona intestinalis (Dehal et al., 2002) 426 66–119 34.1%/15.4% 390–420
Sgo1_Hs Homo sapiens gb|AAH01339.2| 507 30–83 30.1%/19.3% 473–503
Sgo1_At Arabidopsis thaliana ref|NP_187655.1| 556 106–162 32.6%/17.5% 531–556
Sgo2_At Arabidopsis thaliana ref|NP_196052.1| 446 59–114 38.5%/19.7% 421–446
In the upper part of the table, selected fungal orthologs are listed. Several higher eukaryote proteins with potential homology to Sgo1 and
Sgo2 are presented in the lower half. The accession numbers in column three are derived from the NCBI protein database. The sequence
locations of the N- and C-terminal motifs are shown in columns five and seven. The exact location of the C-terminal motif was determined
with MEME [34] from the set of fungal orthologs.
was observed in sgo1 sgo2 double mutant cells, lys1 (15 kb, 4 cM). The splitting of lys1-GFP dots at a
single pole in 36% of anaphase I cells is presumably duethough most abnormal anaphases were consistent with
to loss of sister chromatid cohesion along chromosome3:1 segregation. These data indicate that sgo2 may be
arms. The retention of cohesion between sister centro-required during meiosis I both for the efficient biorienta-
meres usually, but not always, ensures that adjacenttion of homologous chromosomes and for suppressing
lys1 sequences are also held together. The degree ofthe disjunction of sister centromeres.
cosegregation of sister lys1-GFP dots to the same poleTo investigate more directly the behavior of sister
at anaphase I was unaltered in sgo1 cells, and lys1-chromatids, we analyzed diploids in which only one ho-
GFP dots were found as split dots at one pole in 67%molog was marked by lys1-GFP. To do this, we analyzed
of anaphase I cells, which is twice as frequent as inanaphase I cells derived from diploids generated by
wild-type. We initially suspected that this increase couldcrossing a lys1-GFP harboring h strain with an h strain
be attributed to precocious loss of cohesion betweencontaining an unmarked chromosome I (Figure 2B). In
sister centromeres, but our subsequent analysis oflate anaphase I of wild-type cells, sister GFP signals
sgo2 mutant cells (see below) shows that defects otherwere found either as a single intense dot or as two
than a total loss of sister centromere cohesion can alsoseparate weaker signals, in most cases (95%) at a single
contribute to such a phenotype. The frequency withspindle pole. We attribute the rare cases of segregation
which sister lys1-GFP signals segregated to oppositeto opposite poles of sister lys1 sequences marked by
poles increased markedly from 5% in wild-type to 18%GFP to recombination taking place between cen1 and
in sgo2 mutant and to 27% in sgo1 sgo2 double
mutant cells. The frequency of split lys1-GFP dots at
one pole was also increased from 36% in wild-type toTable 2. Statistically Significant Sequence Similarities among
60% in sgo2 and to 54% in sgo1 sgo2 double mu-Fungal Sgo1 Orthologs in the N-Terminal Region
tants.Protein (Region) Hit (Region) E-Value
To measure sister chromatid segregation at meiosis
Sgo1_Sp (18–68) MG02523_Mg (14–64) 3e-06 II, we used samples from the same cultures to analyze
Sgo1_Sp (18–68) Sgo1_Nc (19–69) 7e-06 late anaphase II cells, namely cells with two long spin-
Sgo1_Sp (18–68) Sgo2_Sp (10–60) 0.002
dles in which the distance between the inner two nucleiSgo1_Sp (18–62) Sgo1_Sc (40–84) 0.017
of the zygote is smaller than that between sister nuclei.Sgo2_Sp (10–61) MG02523_Mg (14–65) 1e-05
In almost all wild-type cells, sister lys1-GFP sequencesSgo2_Sp (10–63) Sgo1_Nc (19–72) 1e-05
Sgo2_Sp (10–60) Sgo1_Sp (18–68) 0.002 segregated to opposite poles of one of the two anaphase
MG02523_Mg (14–65) Sgo1_Nc (19–70) 9e-20 II spindles (Figure 2C). Only a single case of nondisjunc-
MG02523_Mg (14–64) Sgo1_Sp (18–68) 3e-06 tion of sisters at meiosis II was observed among 100
MG02523_Mg (14–65) Sgo2_Sp (10–61) 1e-05
cells. Furthermore, the frequency with which sister GFPSgo1_Nc (19–70) MG02523_Mg (14–65) 9e-20
dots were situated on different spindles correspondedSgo1_Nc (19–69) Sgo1_Sp (18–68) 7e-06
to the frequency with which they segregated to oppositeSgo1_Nc (19–72) Sgo2_Sp (10–63) 1e-05
Sgo1_Sc (40–84) Sgo1_Sp (18–62) 0.017 poles of anaphase I spindles (i.e., 6%). In both sgo1
single mutant and sgo1 sgo2 double mutant cells,Similarity among fungal orthologs in the N-terminal coiled-coil re-
sister sequences that had segregated to the same polegion goes far beyond the traditional hydrophobic heptade repeat
at the first division segregated as often to the same poleand includes many functional residues. Therefore, searches started
with N-terminal fungal protein segments (column one, names as in as to opposite poles at anaphase II, which suggests that
Table 1) hit the respective regions of their orthologs (column two) sister chromatid segregation was random at meiosis II
with statistical significance (E-value in column three) when searched (Figure 2C). In sgo2 single mutant cells, sisters that
for in the nonredundant NCBI protein database (nr).
had segregated to the same pole at meiosis I invariably
Current Biology
292
Table 3. Frequency of Lagging Chromosomes in Late Anaphase I and II
Late Anaphase I (h90) Late Anaphase I (h  h) Late Anaphase II (h  h)
Wild-type 0% 1% 1%
sgo1 1% 4% 30%
sgo2 45% 35% 7%
sgo1 sgo2 6% 3% 28%
Shown are frequencies of lagging chromosomes (identified as a minor DAPI-staining bodies between the poles of the spindle) in late anaphase
I in the same cells as in Figure 2A (h90) or Fig. 2B (h  h) and the frequencies of lagging chromosomes in late anaphase II in the same cells
as in Figure 2C.
segregated to opposite poles at anaphase II, suggesting Characterization of Sgo1 and Sgo2 Expression
during Meiosisthat cohesion between sister centromeres is maintained
To investigate the distribution of Sgo1 and Sgo2 proteinsbetween meiotic divisions in sgo2 mutant cells. A cor-
during meiosis, we tagged both proteins with eGFP atollary is that their abnormally high rate of splitting of
their C terminus by integrating at the sgo1 and sgo2lys1-GFP sequences in anaphase I (Figure 2B) cannot
loci plasmids [24] containing altered 3 portions of eachbe caused by a premature loss of sister centromere
gene. This generated alleles, called sgo1-GFP and sgo2-cohesion.
GFP, in which endogenous promoters drive expressionTaken together, our data show that Sgo1 is required
of ORFs fused in frame to eGFP. Though convenient,for sister centromere disjunction during meiosis II, while
this strategy results in the introduction of a plasmidSgo2 helps to suppress sister centromere disjunction
backbone and a duplication of the 3 part of the geneduring meiosis I. Sgo1’s role might be either to preserve
between its stop codon and endogenous 3UTR. Tetradsister centromere cohesion between meiosis I and meio-
dissection after integration into a prototrophic h90 wild-sis II or to biorient sister kinetochores exclusively during
type strain showed that the sgo1-GFP allele was fullymeiosis II.
functional and that the sgo2-GFP allele was largely func-
tional (Figure 1B). The distributions of Sgo1-GFP and
Sgo2-GFP proteins along with that of tubulin were ana-Sgo1 Function Increases the Incidence
lyzed by in situ immunofluorescence of fixed whole cellsof Anaphase I Lagging Chromosomes
that had been previously induced to undergo meiosisin sgo2 Cells
in liquid culture.If Sgo1 functioned exclusively to biorient chromosomes
Sgo1-GFP was absent from small nitrogen starvedduring meiosis II, then its activity should have little or
cells (data not shown). It first appeared during theno effect on chromosome segregation during meiosis I
horsetail stage, when 31% of cells showed weak nucleareither in wild-type or mutant backgrounds. We noticed
staining (n  100; Figure 3A-1). By metaphase I, 100%that deletion of sgo2, but not sgo1, greatly increased
of cells (n  100) contained a strong nuclear signal.the frequency of late anaphase I cells with lagging chro-
Sgo1-GFP was concentrated in distinct foci in aboutmosomes. Lagging chromosomes were detected in less
half of these metaphase I cells (Figure 3A-2). The levelsthan 1% of wild-type but in 35%–45% of sgo2 mutant
of Sgo1-GFP levels drop dramatically at the onset ofcells (Table 3). Remarkably, they were detected in only
anaphase I. Weak nuclear accumulation was detectable3%–6% of sgo1 sgo2 double mutant cells. This sug-
in 45% of early and 6% of late anaphase I cells (n gests that Sgo1 participates in the mechanism that gives
100) (Figures 3A-3 and 3A-4). Sgo1-GFP reaccumulatedrise to lagging chromosomes during meiosis I in sgo2
in 100% of cells by metaphase II (n  100), reaching a
mutants. One explanation is that the lagging chromo-
level above that detected at the horsetail but below that
somes in sgo2 mutant cells arise because persistent
at metaphase I. Sgo1-GFP was frequently concentrated
centromeric sister chromatid cohesion resists the mu- in distinct foci at this stage as well as during metaphase
tant cells’ erroneous attempt to disjoin sister centro- I (Figure 3A-5). Sgo1-GFP declined again at the onset
meres, generating a tug of war analogous to that oc- of anaphase II, with the result that 74% of early and 3%
curring during meiosis I in monopolin mutants in of late anaphase II cells contained detectable nuclear
budding yeast [1]. If so, then the suppression of lagging staining (n  100) (Figure 3A-6).
chromosomes by deleting sgo1 in addition to sgo2 might The distribution of Sgo2-GFP was clearly different.
arise because Sgo1 protein helps preserve sister centro- Unlike Sgo1-GFP, it was present in vegetative cells (Fig-
mere cohesion after the onset of anaphase I. Consistent ure S1) and was concentrated in a single focus in small
with this, the frequency of sister centromere segregation nitrogen starved cells (data not shown). Sgo2-GFP was
in meiosis I is increased in the sgo1 sgo2 double concentrated at a single focus at the edge of 98% (n 
mutant compared to the sgo2 single mutant. Further- 100) of horsetail nuclei (Figure 3B-7), possibly associ-
more, the existence of an activity during meiosis I as ated with telomeres. Occasional cells contained a sec-
well as during meiosis II is consistent with sgo1 having ond focus at the opposite end of such nuclei. Sgo2-
role in preserving centromeric cohesion between mei- GFP was present within the nuclei of 100% of metaphase
otic divisions and inconsistent with it having a role exclu- I cells and concentrated along their spindles in 59% of
sively in the biorientation of sister chromatids during these cells (n  100) (Figure 3B-8). The abundance of
Sgo2-GFP declined during anaphase I. Despite this de-meiosis II.
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Figure 3. Characterization of Sgo1 and Sgo2 Expression during Meiosis
(A) Cells expressing Sgo1-GFP from sgo1-GFP (K11916) were sporulated in liquid culture, fixed, and stained with antibodies against tubulin
and GFP. Shown are representative images of cells in horsetail (1), metaphase I (2), early anaphase I (3), late anaphase I (4), metaphase II (5),
and early anaphase II (6).
(B) Cells expressing Sgo2-GFP (K11985) were treated as in (A). Shown are representative images of cells in horsetail (7), metaphase I (8), late
anaphase I (9), telophase I (10), metaphase II (11), and late anaphase II (12).
(C) Cells expressing Sgo1-GFP from sgo1-GFP-3UTR (K12279) were sporulated in liquid culture, fixed, and stained with antibodies against
tubulin and GFP. Shown are representative images of cells in horsetail (13), metaphase I (14), early anaphase I (15), late anaphase I (16),
metaphase II (17), and early anaphase II (18).
cline, Sgo2-GFP was detected at the spindle midzone concentration, while 8% contained it within nuclei with
some concentrated at a single locus (n  100). Cellsas well as in the vicinity of chromatin in all early anaphase
I cells (n  77). 85% of late anaphase I cells contained with the latter distribution probably represent a later
stage because telophase I cells had a similar patternSgo2-GFP at the spindle midzone (Figure 3B-9), 7%
contained it within their nuclei without any subnuclear (Figure 3B-10). By metaphase II, Sgo2-GFP was found
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concentrated within nuclei in 100% of cells (n  100). colocalization) (n  41) (Figure 4A). A similar analysis of
binucleate cells showed that Mis6-HA foci fully colocal-Amongst these cells, it was concentrated at distinct foci
in 38% and along metaphase spindles in 47% of cells ized with Sgo1-GFP foci in 38% of cells, partially colo-
calized with Sgo1-GFP in 51% of cells, and were unasso-(Figure 3B-11). The abundance of Sgo2-GFP declined
for a second time at the onset of anaphase II but was ciated in the remaining 17% of cells (n  39) (Figure
4B). These binucleates presumably correspond to meta-nevertheless detectable within nuclei and associated
with the spindle midzone in 100% of early anaphase II phase II cells because Sgo1-GFP (expressed from sgo1-
GFP lacking the 3UTR) was found concentrated withincells (n  32) and 87% of late anaphase II cells (n  31)
(Figure 3B-12). foci in metaphase II, but not anaphase I, cells (Figure 3A).
Sgo2-GFP was localized in one or two strong foci at
the horsetail stage. Mis6-HA foci were found juxtaposed
Sgo1 Expression in Meiosis II Is Inhibited to, but not coincident with, Sgo2-GFP foci in 16% of
by sgo1’s 3UTR these cells and only partly juxtaposed in 22% (n  32)
Because expression of the mitotic Cdk1 regulator Rum1 (Figure 4C). At a later stage, when nuclei were less elon-
[25] and the meiotic cohesin subunit Rec8 [15] are known gated but had not yet adopted the rounder appearance
to be repressed by their genes’ 3 untranslated regions of metaphase I nuclei, all Mis6-HA foci were juxtaposed
(3UTR), we investigated whether the restoration of with Sgo2-GFP foci in 53% and only partially juxtaposed
sgo1’s 3UTR affects Sgo1-GFP expression. To do this, in 20% of cells (n  30) (data not shown). Sgo2-GFP
we constructed an allele called sgo1-GFP-3UTR that foci were also observed in binucleate cells, where Mis6-
contains sgo1’s 3UTR downstream of eGFP fused to HA foci were fully juxtaposed to Sgo2-GFP foci in 47%
Sgo1. After sporulation in liquid culture, cells were fixed and partly juxtaposed in 40% of cells (n 30) (Figure 4D).
and stained with antibodies against GFP and tubulin. Our observation that Sgo2-GFP foci were rarely, if
Sgo1-GFP expressed from sgo1-GFP-3UTR started to ever, coincident with Mis6-HA foci but merely closely
accumulate in the nuclei of 47% (n  100) of cells at associated (Figures 4C and 4D) raised the possibility
the horsetail stage (Figure 3C-13). By metaphase I, it that Sgo1-GFP foci might also not be fully coincident
was found in 100% (n  81) of nuclei, staining distinct with those associated with Mis6-HA. We therefore com-
foci in at least half of the cells (Figure 3C-14). The protein pared the distribution of Sgo1-GFP and Mis6-HA using
was degraded at the onset of anaphase I. Only 58% of 3D deconvolution microscopy. This showed that Sgo1-
early (n  40, Figure 3C-15) and 5% of late (n  40, GFP was rarely, if ever, fully coincident with Mis6-HA
Figure 3C-16) anaphase I cells contained weak nuclear (Figure 4E) either in mononucleate or binucleate cells.
staining for Sgo1-GFP. Strikingly, Sgo1-GFP expressed In conclusion, Sgo1-GFP localizes to the vicinity of inner
from sgo1-GFP-3UTR was barely detectable after ana- centromeres. Sgo2-GFP is also found in their vicinity
phase I. Only traces could be detected in 63% of meta- but is possibly less closely associated than Sgo1-GFP.
phase II cells (n  40, Figure 3C-17) and not at all in We do not know whether this reflects a real difference
cells at the anaphase II stage (n  30) (Figure 3C-18). in the localization of the two proteins to centromeric
This suggests that Sgo1 protein is normally down regu- chromatin or is due to our observation of slightly differ-
lated at the onset of anaphase I and that the lack of its ent meiotic stages.
accumulation during meiosis II is dependent on the sgo1
gene’s 3UTR. A corollary is that the Sgo1-GFP detected
Retention of Centromeric Rec8 after Meiosis Iduring metaphase II when expressed without its 3UTR
Is Reduced in sgo1 Cellsis a genuine phenomenon that nevertheless has little if
Because the random segregation of sister chromatidsany deleterious effect on meiosis II chromosome segre-
in sgo1 cells at meiosis II could be caused by theirgation.
failure to retain cohesion between sister centromeres
after the first meiotic division, we investigated whether
deletion of sgo1 or sgo2 alters the abundance or distri-Sgo1 and Sgo2 Localize to the Vicinity
of the Inner Centromere bution of cohesin’s Rec8 subunit. To do this, we utilized
a functional version of Rec8 that is tagged at its C termi-To address whether Sgo1 or Sgo2 are associated with
centromeres, we compared their localization with that nus with GFP [27].
The persistence of centromeric cohesion betweenof the inner centromere protein Mis6 [26]. h90 cells ex-
pressing an HA epitope-tagged Mis6 protein (Mis6-HA) meiotic divisions is dependent on the selective retention
of Rec8 (in this case Rec8-GFP) at centromeres after itand either Sgo1-GFP (from sgo1-GFP lacking the 3UTR)
or Sgo2-GFP were induced to undergo meiosis in liquid has been removed from chromosome arms. The key
question was therefore whether Rec8-GFP is similarlyculture. Cells were fixed and the distribution of HA epi-
topes and GFP determined by in situ immunofluores- retained in sgo1 or sgo2 mutants. To address this, we
constructed a series of prototrophic diploid h/h pat1-cence with antibodies against GFP and HA. To test
whether the foci of Sgo1-GFP detectable during meta- 114/pat1-114 strains: sgo1 sgo2, sgo1, and sgo2
strains expressing Rec8-GFP as well as an sgo1 sgo2phase I are associated with centromeres, we first identi-
fied mononucleate cells exhibiting clear foci of Sgo1- strain in which Rec8 was untagged. Pat1 is a potent
suppressor of meiosis, and pat1-114 cells can be in-GFP and then ascertained whether they were associated
with Mis6-HA foci. In 83% of cells, each Mis6-HA focus duced to undergo meiosis highly synchronously by shift-
ing them to the restrictive temperature. We first arrestedwas associated with an Sgo1-GFP focus (full colocaliza-
tion). In the remaining 17% of cells, only some Mis6- cells in G1 by nitrogen starvation and induced them to
enter meiosis by shifting them to nitrogen-containingHA foci were associated with Sgo1-GFP foci (partial
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Figure 4. Sgo1 and Sgo2 Localize to the Vicinity of the Inner Centromere
(A) Cells expressing Sgo1-GFP and Mis6-HA (K12003) were sporulated in liquid culture, fixed, and stained with antibodies against GFP and
HA. Samples were examined using the fluorescence microscope, and mononucleate cells containing clear focal staining for Sgo1-GFP were
scored. Shown are representative cells where all (top) or only some (bottom) Mis6-HA foci colocalize with foci for Sgo1-GFP and percentages
of cells that fell into these categories.
(B) Binucleate cells containing clear focal staining for Sgo1-GFP were scored in the same samples as in (A). Shown are representative cells
where all (top) or only some (bottom) Mis6-HA foci colocalize with foci for Sgo1-GFP and percentages of cells that fell into these categories.
(C) Cells expressing Sgo2-GFP and Mis6-HA (K12110) were treated as in (A), and cells at the horsetail stage were scored. Shown are
representative cells where all (top) or only some (bottom) Mis6-HA foci were juxtaposed to foci for Sgo2-GFP and vice versa.
(D) Binucleate cells containing clear focal staining for Sgo2-GFP were scored in the same samples as in (C). Shown are representative cells
where all (top) or only some (bottom) Mis6-HA foci were juxtaposed to foci for Sgo2-GFP.
(E) Mono- (top) and binucleate (bottom) cells were examined using fluorescence deconvolution microscopy (Deltavision). 30 optical sections
spaced by 0.15 m were taken and deconvolved using 20 cycles of a conservative algorithm. Shown are images of four deconvolved planes
projected by highest intensity into one. Note that Sgo1-GFP foci are very close to Mis6-HA foci but do not colocalize precisely. Note also
that the DAPI channel shows a different physical plane due to chromatic abberation.
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Figure 5. Rec8 Levels Are Reduced after Meiosis I in sgo1 Cells
Diploid sgo1 sgo2 (K12094, wt), sgo1 (K12147) and sgo2 (K12149) cells expressing rec8-GFP and sgo1 sgo2 cells lacking a tag on
rec8 (K12208, ut), all containing pat1-114, were arrested by nitrogen starvation and released into meiosis at 34	C. Cultures were followed for
8 hr after release.
(A) Flow cytometry profiles showing the DNA content at indicated time points (cyc – cycling cells before arrest; 0 – arrested cells).
(B) Cells were stained with DAPI and nuclei were counted in more than 100 cells per time point. Shown are the fraction of cells that contained
one nucleus (diamonds), two nuclei (squares) or more than two nuclei (triangles) at the indicated time points.
(C) Western blot analysis of 20g of protein extracts from the time points indicated (c, cycling cells before arrest; 0, arrested cells).
medium at 34	C. Premeiotic DNA replication, which is GFP accumulated shortly before the onset of premeiotic
DNA replication and started declining 3 hr later, as cellsa convenient measure of the cultures’ synchrony, was
monitored by measuring cellular DNA content by flow underwent the first meiotic division. In sgo1 mutant
cells, Rec8-GFP’s accumulation was identical to that ofcytometry (Figure 5A). All four cultures underwent DNA
replication between 2–3 hr after the temperature shift. wild-type cells, but its decline was slightly more rapid
(compare wild-type and mutant at 5 and 5.5 hr). Thesgo1 and wild-type cells replicated their DNA with simi-
lar kinetics and efficiencies, but a small fraction ofsgo2 pattern of accumulation and decline in sgo2 cells was
similar to wild-type, with the exception of a small fractioncells failed to do so. Meiotic divisions were monitored
by staining ethanol-fixed samples with DAPI. The abun- (a tail) that persisted for longer at later time points, which
probably was due to the inefficient meiotic progressiondance of binucleate cells, i.e., those that have completed
meiosis I but not yet meiosis II, peaked 5 hr after induc- of some sgo2 cells.
To measure more directly the persistence of Rec8-tion in all four cultures. Both divisions were largely com-
plete by 7 hr. The timing, synchrony, and efficiency of GFP at centromeres between meiotic divisions, we ana-
lyzed GFP fluorescence in ethanol fixed binucleate cells.divisions were similar if not identical in untagged, rec8-
GFP, and sgo1 rec8-GFP cultures. However, a small We scrutinized more than 100 cells at each of the 4.5,
5, and 5.5 hr time points, distinguishing whether cellsbut significant fraction of sgo2 rec8-GFP cells failed
to undergo either meiotic division (Figure 5B). contained clear fluorescent foci characteristic of persis-
tent centromeric cohesin, merely general nuclear fluo-The abundance of Rec8-GFP protein was measured
by Western blotting (Figure 5C). As previously reported, rescence, or no fluorescence attributable to Rec8-GFP.
76% of wild-type cells contained distinct nuclear foci,it migrated as several bands, with the form with the
slowest electrophoretic mobility accumulating some- while 22% showed general nuclear fluorescence, and
only 2% exhibited no Rec8-specific fluorescence (Figurewhat later than the major form. In wild-type cells, Rec8-
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Figure 6. Rec8 Association with Pericen-
tromeric Chromatin Is Reduced after Meiosis
I in sgo1 Cells
(A) Fluorescence due to Rec8-GFP was ex-
amined in the same cells as in (B). More than
100 cells were scored at time points 4.5 hr,
5 hr, and 5.5 hr whether they contained no
fluorescence, fluorescence in the whole nu-
clei, or fluorescence limited to distinct foci
within nuclei. Shown are the relative fractions
and representative sample cells of each cate-
gory and genotype. Shown are DIC (top),
DAPI (middle), and GFP (bottom) images for
each cell.
(B) Chromosomal association of Rec8-GFP
was examined by ChIP assays with oligonu-
cleotide primers specific for pericentromeric
regions (dg, dh) or a chromosome arm region
(mes1) at the indicated time points (WCE,
whole-cell extract).
(C) Wild-type (K12221) and sgo1 (K12264)
h90 cells expressing Rec8-HA were sporulated
in liquid culture, fixed, and stained with
antibodies against tubulin and HA. Samples
were examined using fluorescence microscopy.
Shown are representative cells in metaphase II.
6A). Focal Rec8-GFP fluorescence was detectable in elimination of sgo1 function and unaffected by that of
sgo2.sgo1 binucleates, but it was weaker and less frequent
than in wild-type cells. Furthermore, no Rec8-specific To address the persistence of centromeric Rec8 after
meiosis I in wild-type (i.e., pat1) cells, we sporulatedfluorescence at all could be detected in 10% of the
h90 cells expressing Rec8-HA [27] in liquid culture andmutant binucleates. In contrast, the distribution of Rec8-
stained fixed cells with antibodies against tubulin andGFP fluorescence in sgo2 mutant binucleates was in-
the HA epitope. We first examined late anaphase I cells.distinguishable from wild-type.
In wild-type, 13 of 14 observed cells contained Rec8-Rec8 bound to particular chromosomal sequences
HA foci at both poles. In sgo1 mutant cells, only 5 ofcan also be detected by chromatin immunoprecipitation
16 contained such foci at both poles (data not shown).(ChIP). We therefore used this technique to measure the
In cells that had progressed to metaphase II, 14 of 16amount of Rec8-GFP bound to the dg and dh sequences
wild-type cells contained distinct Rec8-HA foci in bothfrom outer centromere repeats and mes1 on the left arm
nuclei. In contrast, no such foci were present in any ofof chromosome I as wild-type,sgo1, andsgo2 mutant
16 sgo1 cells in metaphase II. These data are consis-cells progressed through meiosis. The amount of mes1
tent with the notion that most but not all of Rec8 isDNA coprecipitated with Rec8-GFP declined at 5 hr
removed at the onset of anaphase I in sgo1 mutantwhile that associated with outer centromere repeats did
cells. Only as cells progress into meiosis II are the lastso 1 hr later. This pattern was similar if not identical in
traces of Rec8 removed.wild-type andsgo2 mutant but subtly different insgo1
mutant cells. The amount of centromeric Rec8-GFP de-
clined 1 hr earlier in sgo1 mutant cells than in wild- Does Sgo1 Regulate Cleavage of Rec8
type or sgo2 mutant cells even though the timing of by Separase?
meiosis I was identical (Figure 6B). These data along with The first meiotic division in both budding and fission
our observation of Rec-GFP fluorescence are consistent yeast depends on, and indeed may be triggered by, the
with the notion that the persistence between meiosis I proteolytic cleavage by separase of Rec8 located on
and meiosis II of Rec8 associated with pericentric het- chromosome arms [14, 15]. The persistence of cohesion
between sister centromeres while arm cohesion is dis-erochromatin is reduced but possibly not abolished by
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Figure 7. Reduction of Rec8 in the sgo1 Mutant Depends on Separase Cleavage Sites
(A) Wild-type (K12068), sgo1 (K12161), sgo2 (K12166), rec11 (K12210), rec11 sgo1 (K12188), rec11 sgo2 (K12191), and cells of the
same genotypes but expressing Rec8-RDRD (K12069, K12163, K12165, K12211, K12189, K12193 respectively) were sporulated on plate for
24 hr. Hoechst stained nuclei and lys1-GFP separation were scored using the fluorescence microscope.
(B) Summary of the experiment.
solved is presumed to be due to the local resistance of arresting as mononucleate cells with a single dot of lys1-
GFP containing all four chromatids (neither sisters norRec8 to proteolytic cleavage. It was therefore important
to investigate whether sgo1 mutants fail to maintain homologs disjoin). As previously reported [15], deletion
of rec11 permitted many, but by no means all, of thesecohesion and Rec8 at centromeres because the latter
is cleaved prematurely, presumably simultaneous with cells to undergo the first, but not the second, meiotic
division, in which case they arrested as binucleates withcleavage of Rec8 along chromosome arms, or because
it is removed by a separase-independent mechanism each nucleus containing a lys1-GFP dot (homologs, but
not sisters, disjoin). Deletion of sgo1 or sgo2 in rec11analogous to the one that removes cohesin from chro-
mosome arms during mitotic prophase in mammalian rec8-RDRD cells had little or no effect; namely, it did
not permit any of the cells to undergo a second division.cells (reviewed in [28]). Expression of Rec8 protein re-
fractory to cleavage by separase (rec8-RDRD) blocks These data suggest that cohesion mediated by Rec8 is
properly established in both sgo1 and sgo2 mutantsmeiosis I because chiasmata cannot be resolved without
the dissolution of sister chromatid cohesion along chro- and that the inability of sgo1 mutant cells to maintain
cohesion between meiotic divisions is due to the preco-mosome arms. During meiosis in S. pombe, cohesin
located along chromosome arms contains a meiosis- cious cleavage of Rec8 by separase.
specific Scc3 ortholog called Rec11 while that at centro-
meres contains Psc3, the Scc3 ortholog also expressed Discussion
in mitotic cells. Deletion of rec11 allows diploids ex-
pressing rec8-RDRD to undergo the first meiotic divi- The retention of cohesion between sister centromeres
until meiosis II, long after the dissolution at the onsetsion, but not the second, because of the existence there
of noncleavable cohesin containing Psc3 [13]. If the pre- of anaphase I of sister chromatid cohesion along chro-
mosome arms, is crucial for chromatid segregation dur-cocious loss of centromeric Rec8 in sgo1 mutants was
mediated by a cleavage-independent mechanism, then ing meiosis II and is therefore fundamental to the pro-
duction of haploid gametes. Most, if not all, eukaryoticdeletion of sgo1 along with that of rec11 should enable
cells expressing rec8-RDRD to undergo both meiotic cells use variants of their mitotic cohesin complexes to
hold sister chromatids together during meiosis. Further-divisions, albeit with massive chromosome nondisjunc-
tion. We compared the meiotic progression of sgo1 more, cleavage of cohesin’s meiosis-specific Rec8 sub-
unit is required both for the dissolution of arm cohesionrec11 rec8-RDRD triple mutant with that of rec11
rec8-RDRD double mutant and rec8-RDRD single mu- at meiosis I and for the subsequent destruction of cohe-
sion between sister centromeres at meiosis II, at leasttant cells by monitoring nuclear division by Hoechst
staining and centromere segregation by monitoring lys1- in budding and fission yeast. What causes centromeric
Rec8 to be resistant to separase while that along chro-GFP signals (Figure 7). Most single rec8-RDRD mutant
cells failed to undergo either meiotic division, usually mosome arms is susceptible during meiosis I and how
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is this resistance lost between meiotic divisions so that derly sister chromatid disjunction exclusively during
meiosis II. Identification of a related S. pombe proteinwhen reactivated separase can cleave centromeric
Rec8 at the onset of anaphase II? Sgo2 enabled us to identify potential orthologs in most
eukaryotic proteomes, including Mei-S332. Though theIn S. pombe, cohesin that mediates arm cohesion
differs from that mediating centromeric cohesion by the relatedness of the candidate orthologs listed in Table 1 is
not based on statistically significant sequence similarityreplacement of the mitotically expressed Scc3 homolog
Psc3 by a meiosis-specific variant Rec11 [13]. No such over major parts of their sequence, the conservation of
three distinct domains in the correct order within thedifference exists between arm and centromere cohesin
in S. cerevisiae, and fundamental changes in cohesin’s candidate proteins as well as the similarity of the loss
of function phenotypes for sgo1 and mei-S332 suggestcomposition cannot therefore be invoked to explain their
different regulation. Even in S. pombe, the cohesin com- that we have indeed found a family of orthologs. The
conserved N- and C-terminal sequence segments of allplexes situated at centromeres presumably have the
same or similar composition at meiosis I and meiosis II members of this family presumably have a role in the
interaction with protein partners. Interestingly, the con-and, yet, the former appears resistant to cleavage by
separase while the latter is susceptible. Some other served asparagine in the N-terminal coiled coil is mu-
tated to isoleucine in the strong missegregation alleledifference must therefore confer the differential sensitiv-
ity to separase of meiosis I and meiosis II centromeric mei-S3329 (Figure 1D, arrow) [33].
Deletion of sgo1 has no effect on chromosome segre-cohesion. Ideally, this factor should be present at cen-
tromeres when separase is activated during meiosis I gation during meiosis I but causes sister centromeres
to segregate at random during meiosis II. It also causesbut be absent when separase is reactivated during
meiosis II. Periodic accumulation and destruction of its a failure to retain Rec8 at centromeres in the amounts
seen in wild-type cells. However, it does not permit cellssecurin inhibitor is thought to regulate separase activity
[29, 30]. Following a first round of activation due to expressing noncleavable Rec8 to undergo a second
meiotic division when deletion of rec11 compromisessecurin’s destruction by the APC/C, separase is reinhib-
ited through the reaccumulation of securin between mei- chiasmata and permits a first meiotic division. This, to-
gether with the finding that the Sgo1 protein is locatedosis I and meiosis II, and it is during this period that it
would be safe for cells to remove any factor responsible at centromeres, suggests it may normally inhibit cleav-
age by separase of centromeric Rec8 during meiosis I.for protecting centromeric Rec8 from separase.
Defects in any factor specific to protecting centro- Our finding that Sgo1 protein largely disappears after
the first meiotic division raised the possibility that themere cohesion should have little or no effect on chromo-
some segregation during meiosis I but cause random presence of Sgo1 at centromeres might be sufficient to
confer protection of Rec8 from separase. This notionsegregation of sister chromatids during meiosis II. One
of the best candidates fitting this criterion is the Mei- appears questionable in light of our discovery that re-
placement of sgo1’s 3UTR sequences causes a Sgo1-S332 protein in Drosophila melanogaster. The mei-S332
mutation, which has been known for several decades GFP fusion protein to reaccumulate in meiosis II without
compromising meiotic chromosome segregation. The[31], causes a high frequency of meiosis II nondisjunc-
tion and chromosome loss in both sexes [6]. Sister chro- persistence of Sgo1-GFP expressed without its 3UTR
during metaphase and its decline at the onset of ana-matids lose their cohesiveness precociously, as early
as anaphase I, and this is thought to be the cause of phase is similar in meiosis I and II. It is unclear why
protein present in metaphase I protects centromericlagging chromatids and sister chromatid nondisjunction
during meiosis II [5]. Nevertheless, a significant level Rec8 from separase while that present in metaphase II
does not. The implication is that some difference otherof meiosis I missegregation also occurs in mei-S332
females [32]. The Mei-S332 protein might therefore not than the presence of Sgo1 protein might cause Rec8 to
be refractory to separase at meiosis I, but not at meiosisbe exclusively concerned with protecting sister chroma-
tid cohesion. The protein localizes to centromeres at II. How Sgo1 protein levels are regulated by 3UTR se-
quences is unknown. It might occur via mRNA stability,metaphase I, which is consistent with a direct role in
protecting sister centromere cohesion. However, it has translation efficiency, or localization. The exact signifi-
cance of this control is presently unclear. If Sgo1 in S.not so far been possible to test whether mei-S332 muta-
tion affects Rec8 or Rec8-like proteins since meiotic pombe, unlike the related proteins in budding yeast and
Drosophila, were concerned solely with protecting cen-cohesin complexes have not yet been characterized in
Drosophila. It is, however, important to note that the tromeric Rec8 at anaphase I, then its presence between
the two meiotic divisions would certainly not be neces-Mei-S332 protein appears to be equally abundant during
mitosis and metaphase II as it is during meiosis I [7], sary once separase had been inactivated. Sgo1’s accu-
mulation at this stage might even be deleterious, eitherwhich makes it unlikely that its presence at centromeres
alone protects centromeric cohesin from separase. because it interferes with meiosis II kinetochore function
or with Rec8 cleavage at the onset of anaphase II. How-The study of Mei-S332’s function has been hampered
by a failure hitherto to identify orthologous proteins in ever, this cannot be a very strong effect, as spore viabil-
ity is not significantly reduced when removal of its 3UTRother eukaryotic genomes, in particular in fungi where
the role of Rec8 cleavage in destroying sister chromatid causes Sgo1-GFP to accumulate in meiosis II (Fig-
ure 1B).cohesion has been established. The work described in
this paper breaks this impasse. By deleting genes upreg- The budding yeast S. cerevisiae genome encodes a
single Mei-S332/Sgo1 ortholog that is also associatedulated during meiosis in S. pombe, we have identified
a meiosis-specific protein Sgo1 that is essential for or- with kinetochores and is essential for retaining Rec8
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within the vicinity of centromeres between meiotic divi- nations for this strange behavior. One possibility is that
the abnormal state of some, but not all, centromeres insions. Like Mei-S332, the S. cerevisiae Sgo1 protein is
also expressed during mitotic cells and clearly has roles sgo2 mutant cells is stably inherited in a chromosome
autonomous manner. If a pair of sister centromeres isin chromosome segregation other than protecting cen-
tromeric Rec8 from separase at meiosis. This raises normal at meiosis I, then it will continue to be normal
at meiosis II. If so, it is plausible though not very satisfac-an important question: whether or not Mei-S332/Sgo1
orthologs have a direct role in protecting centromeric tory to suppose that sgo2 is sometimes, but not always,
required for kinetochore orientation during meiosis I ascohesion. The failure of mutants to retain centromeric
cohesion might for example be a “knock on” effect of well as for protecting centromeric cohesion after the
first meiotic division. An alternative explanation is thata more general defect in kinetochore function. It is im-
probable that the missegregation of chromosomes in S. Sgo2 is primarily required for kinetochore orientation
during meiosis I and that the erroneous biorientation ofpombe sgo1 mutants has such an etiology because the
Sgo1 protein is neither expressed during mitosis nor sister centromeres that arises in its absence leads in turn
to a failure to protect centromeric Rec8 from separase atduring meiosis II (if the correct 3UTR is present) but,
nevertheless, has a role in meiosis II, but not meiosis I, the onset of anaphase I. Sgo2’s localization during the
meiotic divisions is reminiscent of chromosomal pas-chromosome segregation. Our work suggests that the
multiple functions of Mei-S332 orthologs have been di- senger proteins, like survivin/Bir1 and aurora-B kinase
(Cut17 and Ark1 in S. pombe, respectively). Sgo2 isvided into two separate proteins in S. pombe and that
Sgo1 may be exclusively concerned with protecting cen- found in the vicinity of centromeres before both meiotic
divisions but localizes to the spindle midzone duringtromeric cohesion. The corollary is that the Mei-S332-
like proteins of organisms that possess only a single anaphase I and II. The significance of this movement is
currently unclear.ortholog also have a direct role in protecting centromeric
cohesion even if these proteins have additional roles in In sgo1 sgo2 double mutants, there is both a high
incidence of precocious sister centromere disjunctionkinetochore function.
Sgo2 presumably mediates such functions in S. pombe. at meiosis I as well as nondisjunction during meiosis II.
This phenotype is strikingly similar to that of mutantsHowever, despite the expression of Sgo2 in vegetative
cells (Figure S1), we detected only slight, if any, defects lacking the spindle checkpoint kinase Bub1. In bub1
mutants, sister centromeres disjoin precociously in one-in chromosome behavior during mitosis in sgo2 mu-
tants. Sister chromatids disjoined with high efficiency third of all cells, while in the remaining two-thirds sister
centromeres segregate at random during meiosis II.in binucleate cells. Furthermore, there was only a very
modest increase in the separation of sister lys1-GFP in Rec8 also fails to be retained at centromeres after the
first meiotic division in bub1 mutants [4]. It is possible,cut9-ts mutants arrested in metaphase (from 4% to 7%)
therefore, that the activity of both Sgo1 and Sgo2 pro-and only a modest, if any, increase in sensitivity to the
teins depends on Bub1. Given their similar structures,spindle poison thiabendazole at 25	C (data not shown).
it is tempting to speculate that Sgo1 and Sgo2 functionSgo2 has a much more important role during meiosis I.
using similar molecular mechanisms. Determining howIn its absence, chromosome I homologs missegregate
one protein regulates kinetochore orientation duringduring meiosis I in one-third of all cells. In one-half of
meiosis I while the other protects cohesion betweenthese cases of missegregation, all four chromatids seg-
sister chromatids, both using potentially common princi-regate to the same pole while in the other half sister
ples, is a challenge for future work.centromeres of one homolog segregate to opposite
poles. Surprisingly, in those cases where sister centro-
Supplemental Datameres segregate, as they should, to the same pole at
Supplemental Data including one figure describing expression of
meiosis I, they invariably segregate, again as they Sgo2-GFP in vegetative cells and a description of Experimental
should, to opposite poles at meiosis II. Thus, sister chro- Procedures and materials are available at http://www.current-
matid segregation appears unaffected during meiosis II biology.com/cgi/content/full/14/4/287/DC1/.
in sgo2 mutants, at least when the segregation of the
Acknowledgmentschromosome in question is normal at meiosis I. The
implication is that unlike sgo1, sgo2 may have little or no
We want to thank Iain Hagan and Keith Gull for the gift of TAT1
role in protecting cohesion between sister centromeres antibody; Yoshi Watanabe for communicating unpublished results
after the first meiotic division. and for yeast strains; and Stephen Kearsey and Shao-Win Wang
for plasmids, strains, and discussion. J.G. is recipient of the EMBOThe precocious disjunction of sister centromeres at
long term fellowship. This project has been partly funded by themeiosis I in sgo2 mutants presumably arises due to an
Austrian Gen-AU bioinformatics integration network sponsored byerroneous biorientation of sister kinetochores. But this
BM-BWK. J.-P.J.’s lab is funded by the CNRS and grant BCM0131alone cannot be sufficient. It is unlikely that the resulting
from the ministe`re de la recherche.
tension can alone pull sister centromeres apart because
centromeric cohesion alone is sufficient to resist spindle Received: January 15, 2004
Revised: January 28, 2004forces during meiosis II. This implies that the precocious
Accepted: January 28, 2004disjunction must also involve a premature loss of cohe-
Published online: January 30, 2004sion between sister centromeres. As argued above, this
must only occur when sister centromeres have erro-
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